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We present the design, guided by theory to eighth order, and the first evaluation of a Fourier
transform ion cyclotron resonance (FT-ICR) compensated trap. The purpose of the new trap is
to reduce effects of the nonlinear components of the trapping electric field; those nonliner
components introduce variations in the cyclotron frequency of an ion depending on its spatial
position (its cyclotron and trapping mode amplitudes). This frequency spread leads to
decreased mass resolving power and signal-to-noise. The reduction of the spread of cyclotron
frequencies, as explicitly modeled in theory, serves as the basis for our design. The
compensated trap shows improved signal-to-noise and at least a threefold increase in mass
resolving power compared to the uncompensated trap at the same trapping voltage. Resolving
powers (FWHH) as high as 1.7  107 for the [M  H] of vasopressin at m/z 1084.5 in a 7.0-tesla
induction can be obtained when using trap compensation. (J Am Soc Mass Spectrom 2008, 19,
1281–1285) © 2008 American Society for Mass SpectrometryFourier transform ion cyclotron resonance mass spec-trometry (FT-ICR MS) offers the highest mass re-solving power and mass accuracy, permitting deter-
mination of elemental compositions of unknowns and
more certain identification of peptides in proteomics [1, 2].
Despite its high-performance, the highest performance
capabilities of FT-ICR MS are still limited by trap design.
Various designs and approaches to trap compensa-
tion can be categorized according to their trapping
electric field shape, design goal, and electrode design
[3]. The two most common electric field shapes corre-
spond to the particle-in-a-box and the 3D quadrupolar
potential well. The particle-in-a-box configuration min-
imizes Er/r and can be approximated by electrical [4 –7]
or mechanical [8] means. This configuration, however,
inevitably introduces a strong trapping electric field
nonlinearity at the edges of the trap (the extremes of the
ion z-mode oscillation). The quadrupolar potential well,
on the other hand, aims at constant Er/r and can be
produced by using accurate electrode shapes, such as
those of hyperbolic traps [9 –11]. An instrument with a
hyperbolic trap, however, suffers at least from ineffi-
cient use of the magnet bore and a relatively inaccessi-
ble trap interior. The quadrupolar potential well can
also be approximated in a cylindrical or cubic trap by
using simple electrode shapes and by optimizing the
aspect ratio [12, 13] or by segmenting the electrodes [12]
[14 –18]. Compensating a cubic trap by using simple
trapping electrode segmentation was achieved previ-
ously and is not difficult [19]. A third design goal,
which we use here, is to seek a constant frequency
Address reprint requests to Dr. Michael L. Gross, Department of Chemistry,
Washington University, Campus Box 1134, One Brookings Drive, St. Louis,
MO, 63130, USA. E-mail: mgross@wustl.edu
© 2008 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/08/$32.00
doi:10.1016/j.jasms.2008.05.016surface over a range of amplitudes for all oscillation
modes [20].
In this paper, we describe the design and prelimi-
nary evaluation of a cylindrical trap electrically com-
pensated in theory to eighth order. We chose to conduct
t h e evaluation using MALDI as it tends to produce singly
charged ions, allowing us to work at high m/z if desired,
an advantage because working at high m/z provides a
stringent test for FT-ICR performance. MALDI is a pulsed
ionization method, and it offers the advantage of repeated,
in-depth analysis of a sample without waste. MALDI also
does not constrain the time scale in which the FT-ICR
experiment must be completed.
Tolmachev and coworkers [21] recently announced a
compensated cylindrical trap design that is outwardly
similar to that presented here, but it differs in the goal
used to motivate the design. Tolmachev sought to
reduce the variation in Er/r over a range of ion posi-
tions; his and our goals would produce, in the limit, the
same outcome of a quadrupolar potential. For practical
application, however, the outcomes are necessarily ap-
proximate, and different goals lead to different out-
comes as can be seen by the difference between Tolma-
chev’s design and ours. The approach used here is
distinguished by the feature that the goal more correctly
reflects the desired outcome by specifying properties
for the modeled cyclotron frequency explicitly rather
than specifying a property of the electric field without
evaluating the connection of that property to the cyclo-
tron frequency in the approximate case.
Experimental
The analytes, [Arg]8-vasopressin and cytochrome c,
were mixed with 2,5-dihydroxybenzoic acid in ratios of
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stainless steel sample plate. All materials were obtained
from Sigma Aldrich (St. Louis, MO). Spectra were
acquired with a 7.0-tesla IonSpec ProMALDI FTMS
(Lake Forest, CA), equipped with an external hexapole
for accumulation and collisional cooling of ions from
multiple laser shots. The ions were subsequently trans-
ferred to the custom-built ICR trap (Figure 1) via a
quadrupolar ion transfer guide. The trap was switched
between operating in the compensated and uncompen-
sated modes by changing the voltages supplied to the
electrodes that generate the compensating field. In the
compensated mode, the voltages supplied to the three
compensation electrode pairs are non-zero values de-
termined by tuning, whereas in the uncompensated
mode the voltages are set to zero potential. In the
compensated mode, the same potential was applied to
both the inner (trapping) rings and end-cap electrodes,
whereas in the uncompensated mode, the inner rings
were at a constant non-zero potential, and the end caps
were at zero. The inner rings and end-cap electrodes
discussed here have the same meaning as used else-
where [22, 23], not to be confused with the compensa-
tion electrodes that were added to the modified trap.
The trapping well was set to a nominal depth of either
0.4 or 1.0 V. The compensation electrodes and the inner
rings of the modified trap were segmented and capaci-
tively coupled to the excite plates to minimize axial
ejection during excitation [24].
The z-mode amplitude distribution of an ion cloud
was manipulated by collisionally cooling the ions with
pulses of N2 gas, followed by z-mode re-excitation,
driven by applying 35 V to the entrance end cap and
35 V to the filament-side end cap; the duration of the
end-cap pulse controlled the extent of re-excitation in
the z-direction.
Figure 1. (a) Photograph of compensated trap m
compensated trap.Digitized time domain signals of 2048 K and 1024 K
data points were acquired in the narrowband mode for
vasopressin and cytochrome c, respectively. The ADC
rate was set at 10 kHz, which corresponded to an
acquisition time of 210 or 105 s per detection event.
Following acquisition, the data were imported into a
Fortran program for the calculation of the complex FFT,
magnitude mode frequency centroid, complex area, and
mass resolving power.
The trap compensation design process relies on goals
set for the explicit expression of the cyclotron frequency
versus amplitudes of all of the single ion motion modes.
The design degrees of freedom were defined by four
gap positions that isolate three compensating electrode
pairs, and three compensation voltages that are applied
to the isolated electrode pairs. The trapping electric
potential for a closed cylindrical trap for a given ion
position was expressed by forcing the z-derivatives of
the spherical harmonic expansion to eighth order of the
potential to match the z-derivatives of the modified
Bessel function series solution for the Laplace equation
with Dirichlet boundary conditions. To get from the
electric potential, expressed at a point, to a cyclotron
frequency for a single ion, expressed at a set of mode
amplitudes, the expression for the electric potential was
used in the Hamiltonian for a single ion moving in
uniform magnetic induction. The Hamiltonian, con-
verted to a function of action-angle coordinates, was
simplified to remove the angle coordinates by using a
canonical transform computed by the Deprit perturba-
tion series to third order. The derivatives with respect to
the mode actions of the cyclotron frequency (itself the
derivative of the simplified Hamiltonian with respect to
the cyclotron mode action) were then computed as
functions of the z-mode, magnetron-mode, and the
cyclotron-mode amplitudes. The cyclotron frequency as
ted on the quadrupole ion guide; (b) diagram ofoun
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gave a frequency surface. The design parameters of the
trap, four gap positions and three voltages, were then
systematically changed until the three cyclotron fre-
quency derivatives were minimized, indicating that the
frequency surface had become at the least locally “flat”
with an approximate first order, triple frequency focus.
The minimization made use of the root sum of squares
(RSS) of the cyclotron frequency derivatives evaluated
at 0.4, 0.0, and 0.6 for the cyclotron-mode, magnetron-
mode, and z-mode amplitudes, respectively, all normal-
ized to the trap inside radius.
In this context, the design process produced many
solutions; for each, the fourth, sixth, and eighth order
spherical harmonic contributions to the electric potential
as originally expressed were effectively removed giving
solutions that are compensated to eighth order in terms of
the potential. From the many solutions, the design with
gap positions greater or equal to 0.7 as normalized to the
trap inside radius, minimum compensation voltages, and
the smallest possible electric field along the z-axis near the
trapping plate apertures was selected. Details of the de-
sign process will be published later.
Results and Discussion
The compensated trap was constructed from 0.51 mm
thick gold electroplated OFHC copper with gap sizes of
0.51 mm between the plates. The gap positions normal-
ized to the inside radius of the trap (31.24 mm) as
determined by theory, were 0.7000, 0.7660, 0.9437, and
1.0580 from the trap center in the z-direction. The posi-
tions of the gaps in the final trap were specified as 21.87,
23.93, 29.49, and 33.04  0.03 mm. Theory indicates that
small variations in the gap positions can be overcome by
appropriate tuning of the compensation voltages. The
thicknesses of the compensation electrodeswere 1.55, 5.05,
and 3.05  0.03 mm for compensation ring 1, 2, and 3,
respectively. The theoretical compensation voltages were
9.608, 7.608, and 9.608 V, applied to rings 1, 2, and 3,
affording a nominal well depth of 1 V. The experimental
compensation voltages were determined by tuning at m/z
1084.5 to be 8.412, 7.516, and 10.819 V. The tuning
process will be described more fully in a subsequent
publication.
Discrepancies between theory and experiment arise
because the manufacturing process cannot be executed
in full accord with theory (i.e., imperfections occur in
electrode thicknesses and spacings). Furthermore, the-
ory does not account for the work functions of the metal
surfaces within the trap. Starting from the theoretical
voltages, the tuning process enabled us to find effi-
ciently a set of compensation ring voltages that pro-
duced a nearly constant frequency surface for a range of
cyclotron and z-mode amplitudes.
One set of mass spectra that illustrates the difference in
performance between compensated and uncompensated
modes (Figure 2a) is of an ion cloud that was collisionally
cooled with a pulse of nitrogen gas, and its z-modeamplitude was re-excited by pulsing the trapping plates;
we refer to the outcome as a “hot” cloud. The other spectra
are of a collisionally cooled cloud (i.e., one without z-
mode re-excitation) appropriately designated the “cool”
cloud (Figure 2b). A collisionally cooled cloud without
re-excitationwas considered to have an average z-position
closer to the center of the trap than one that had been
excited by pulsing the endcaps.
Out of an ensemble of spectra, those with similar
complex areas were selected for comparison. Owing to
50 ppm Window (Frequency Space)
(a)












Figure 2. Signals from (a) hot ion clouds, formed by collisional
cooling followed by re-excitation, and (b) collisionally cool ion
clouds in the compensated mode at 1.0 V (black) and the uncom-
pensated mode at 1.0 V (red) and 0.4 V (blue).Note: The spectrum
acquired in the uncompensated mode from a cool cloud at 1.0 V
has 7 times the number of ions and its intensity scale is 20% of
the other spectra shown here.the lack of shot-to-shot reproducibility of MALDI, the
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number of ions in the trap. That number for each
spectrum, as determined by the complex area of the
peak, was nearly the same, except for acquisition of the
mass spectrum of a cool cloud in an uncompensated
1.0-V trap, which required a complex area approxi-
mately seven times greater than the other spectra in
order for a spectral feature to be visible above the noise.
The complex area is a measure of the initial amplitude
of the time domain signal envelope attributable to the
peak of interest and is proportional to the number of
ions of a specific m/z in the trap [25]. The spectral
intensities were normalized with respect to the peak
complex areas to allow comparison of spectra as signal
per ion.
The compensated mode clearly produces improved
mass resolving power and signal-to-noise ratio when
compared to the uncompensated mode operating at
either trapping voltage and with either a hot or cool ion
cloud. The mass resolving power of the uncompensated
mode with inner rings at 0.4 V approaches that of the
compensated mode at a nominal well depth of 1.0 V,
but because the well depth is cut by more than half, the
capacity of the uncompensated trap is also reduced.
The maximum achievable mass resolving power in
the compensated mode is at least three times that of the
trap operated in the uncompensated mode, when both
are run with nominal well depths of 1.0 V. Given that
the nonlinearities in the electric field are reduced by the
effect of the compensation voltages, ions of the same
m/z within a cloud that has different axial and radial
mode amplitudes oscillate with nearly the same cyclo-
tron frequency. Because the distribution of frequencies
for a given m/z within the cloud becomes narrower, the
mass resolving power increases. Resolving powers
(FWHH) as high as 1.7  107 for vasopressin at m/z
1084.5 in a 7.0-tesla magnetic induction have been
observed in the compensated mode; this is the theoret-
ical limit under these conditions when no spectral
apodization is employed.
The ability of an ion cloud to phase lock depends on the
frequency spread (f) across the cloud and the ion density
within it [26]. Given that the compensation voltages re-
duce the nonlinearities in the electric field, therebymaking
f small, the number of ions required for phase locking in
the compensated mode decreases. This means a smaller
number of ions are required to produce a well-defined,
detectable signal, affording a higher signal-to-noise ratio
for an equivalent number of ions (outcome also illustrated
by the spectra in Figure 2).
FT-ICR MS has difficulty detecting high m/z ions. As
m/z increases, the magnet force decreases, leaving the
ions more vulnerable to nonlinearities in the electric
field. Clouds composed of high m/z ions are axially and
radially diffuse compared to clouds of lowm/z ions [27].
Therefore, higher m/z ions sample a larger volume of
the trap than do low m/z ions, and consequently sample
a greater extent of both electric nonlinearity and mag-
netic induction inhomogeneity.The mass spectra of cytochrome c in both the uncom-
pensated and compensated modes (Figure 3) show that
the mass resolving power in the compensated mode is
nearly three times that of the uncompensated mode.
(The difference in m/z assignment occurred because the
instrument was not calibrated for the compensated
mode.) Given the above considerations, we had ex-
pected the performance enhancement afforded by trap
compensation to be greater than a factor of three for
ions of higher m/z. This was not realized in these first
experiments, indicating that the uncompensated mode
is performing artificially well due to phase locking, that
tuning of the compensation voltages should be further
improved, or that magnetic induction inhomogeneities
or other factors are operative, or possibly to a combina-
tion of these factors.
Conclusions
Electrical compensation produces a nearly flat fre-
quency surface in an ICR trap, affording improved
mass resolving power and signal-to-noise ratio for a
given number of ions. As the electric field is made more
nearly quadrupolar, the role of the imperfections in the
magnetic induction may become more significant, re-
quiring more frequent and precise shimming of those
fields, as is done in NMR. This preliminary evaluation
will be followed by future publications covering the
design, tuning, and performance of the compensated
trap, as well as the possible role of the magnetic
Figure 3. Spectra of Cytochrome C in the (a) uncompensated
mode and (b) compensated mode at 0.4 V.induction inhomogeneities.
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